Full-length human immunodeficiency virus type 1 (HIV-1) RNA acts as both mRNA, encoding Gag and Gag-Pol polyproteins, and genomic RNA. Translation of this RNA must be tightly controlled to allow sufficient protein synthesis prior to a switch to particle production. The viral protein Rev stimulates nuclear export of unspliced HIV-1 RNAs containing the Rev response element, but may also stimulate translation of these RNAs. We previously identified an additional Rev binding site in the 59 untranslated region of the HIV-1 RNA. We show that Rev inhibits translation nonspecifically at high concentrations and stimulates translation of HIV-1 RNAs at intermediate concentrations in vitro. Stimulation is dependent on the presence of the Rev binding site within the 59 untranslated region and not on the Rev response element. In COS-1 cells, translation from an HIV-1 reporter is specifically increased by coexpression of Rev.
Three groups of viral mRNA species are found in the cytoplasm of human immunodeficiency virus type 1 (HIV-1)-infected cells: full-length transcripts encoding Gag and Gag-Pol, singly spliced transcripts encoding Env, Vif or Vpu and fully spliced transcripts that encode Rev, Tat, Vpr or Nef (Purcell & Martin, 1993) . Completely spliced viral messages are transported from the nucleus into the cytoplasm for translation whereas intron-containing transcripts would normally be retained in the nucleus via interactions with members of the splicing machinery (Chang & Sharp, 1989; Legrain & Rosbash, 1989; Nakielny et al., 1997) . The full-length HIV-1 transcript must be transported to the cytoplasm, both for its translation to form the Gag and Gag-Pol polyproteins and to be incorporated into new virus particles as the viral genetic material. The other incompletely spliced transcripts must also be transported to the cytoplasm for expression of Env, Vif and Vpu. These messages are only transported to the cytoplasm in the presence of Rev (the regulator of expression of virion proteins; Fig. 1a ) (Emerman et al., 1989; Feinberg et al., 1986; Felber et al., 1989; Zhang et al., 1996) .
The mRNA encoding Rev is completely spliced and is constitutively exported into the cytoplasm. Once a significant amount of Rev has accumulated in the nucleus, this binds to mRNAs containing the Rev response element (RRE) for translocation to the cytoplasm. The RRE is a highly structured region located within the env open reading frame (ORF) between 59 splice site 4 and 39 splice site 6 and hence is located on all unspliced and incompletely spliced messages. Nucleocytoplasmic transport of these RNAs results in a switch from the early Rev-independent to the late Rev-dependent stage of the viral life cycle.
The degree of Rev-mediated stimulation of late gene expression cannot be fully accounted for by Rev-mediated nucleocytoplasmic export of RNAs and, in addition, several groups have shown enhancement of translation by Rev (D'Agostino et al., 1992; Hadzopoulou-Cladaras et al., 1989; Kimura et al., 1996; Lawrence et al., 1991; Mann et al., 1994; Perales et al., 2005; Sodroski et al., 1986) . Therefore, in this study, we investigated the effect of Rev on translation from RNAs containing the HIV-1 59 untranslated region (UTR) in an in vitro system and in cell culture.
Work in our laboratory has identified a Rev binding site, in addition to the RRE, in the 59 UTR of the HIV-1 RNA (Greatorex et al., 2002) . Rev binds to internal loop A of stem-loop 1 of the packaging signal ( Fig. 1b, c) (Gallego et al., 2003) . Loop A is 100 % conserved in all known viable HIV-1 isolates and its 3D structure can be directly superimposed onto that of the Rev-binding region of the RRE (Greatorex et al., 2002) . Truncation or mutation of loop A abrogates or reduces Rev binding to the packaging signal (Gallego et al., 2003) and leads to impaired viral replication (Greatorex et al., 2006) .
In this study, the role of Rev in HIV-1 translation was examined using a rabbit reticulocyte lysate in vitro translation system (Promega). This commercially available translation system contains all cellular constituents necessary for efficient translation and such systems have been used in a number of published studies to investigate translational control mechanisms (Anderson & Lever, 2006; Herbreteau et al., 2005; Ricci et al., 2008) . The use of a cell-free assay system allows for the separation of Rev's nuclear transport function from its potential translation function and has not been used to address this function before. RNAs were transcribed from the plasmid pJHIV-1 that contains a truncated influenza NS (NS9) reporter ORF downstream of the HIV-1 59 UTR ( Fig. 2a ). The 59 UTR was inserted so that the NS9 AUG is at the equivalent position to the gag AUG in the HIV-1 genomic RNA. This reporter has been used previously to elucidate the influence of HIV-1 Gag on viral translation (Anderson & Lever, 2006) . pJHIV-1 A/G contains two adenine for guanine HIV-1 with NP1, n53. (e) RNA was extracted from translation reactions programmed with HIV-1 RNA in the presence of 0-15 mM (inhibitory) or 0.48 mM (stimulatory) Rev. Tenfold dilutions of extracted RNA were used in onestep RT-PCRs with primers for the HIV-1 59 UTR. These were in the linear range of detection (data not shown). Products were analysed by agarose gel electrophoresis. "RT, Reactions carried out in the absence of reverse transcriptase, n53. (f) Radiolabelled RNAs were used to programme translation reactions as in (e). The RNAs were extracted, analysed by agarose gel electrophoresis, transferred to a membrane and exposed to film. Autoradiograph shows original RNA input and RNAs extracted from reactions containing varying concentrations of Rev; n53. In (c) and (d), values that were significantly different from the basal translation level by t-test are indicated by asterisks (*P¡0.05; **P¡0.01). (Harrison & Lever, 1992; Harrison et al., 1998) with loop A boxed. (c) Structures of the loop A stem-loop 1 wild-type and mutant (Gallego et al., 2003; Greatorex et al., 2002) . nucleotide substitutions within loop A of stem-loop 1 of the HIV-1 59 UTR (Gallego et al., 2003) (Fig. 1c ). This mutation has previously been reported to reduce Rev binding to the HIV-1 59 UTR and was used as a control (Gallego et al., 2003) . RNA transcribed from these plasmids was used to programme translation reactions with varying concentrations of recombinant Rev protein. The Rev protein was made by bacterial expression and column purification as described previously (Dangerfield et al., 2005) . The activity of the bacterially expressed Rev protein was assayed by electrophoretic mobility shift assay.
Translation reactions were incubated at 30 u C for 1 h, RNase-treated and analysed by SDS-PAGE. 35 S-Labelled reporter protein was detected by autoradiography. At the highest Rev concentrations, there was a significant inhibition of translation from the HIV-1 59 UTR. At lower Rev concentrations, translation was significantly stimulated. The inhibition but not the stimulation occurred with the loop A mutant (HIV-1 A/G) (Fig. 2b, c) . The trend of stimulation of translation of the wild-type 59 UTR compared with the loop A mutant was determined to be significant across a range of Rev concentrations using the t-test (P¡0.01). The apparent lack of dose response in the data presented is because stimulation is at its maximum at the concentrations shown. A range of Rev concentrations between 15 nM and 15 mM was also tested (data not shown). Stimulation was observed between 15 nM and 1.9 mM, and the percentage change in translation was lower than for those concentrations presented in Fig. 2 . At concentrations higher than 1.9 mM, the level of translation gradually reduced, reaching zero at 15 mM (data not shown).
Translation of the construct with a non-HIV-1 leader (XL;
Xenopus laevis cyclin B2) was similar to the loop A mutant (Fig. 2d, left) . The fact that Rev does not non-specifically enhance protein synthesis has also been observed by other groups (Perales et al., 2005) . Addition of the influenza A NP1 protein into these reactions at equivalent concentrations to Rev had no stimulatory effect on translation from the HIV-1 59 UTR but had inhibitory activity at high concentrations, a predictable effect for high concentrations of an RNA-binding protein (Fig. 2d, right) . The transcription factor TBP, RNA-binding protein b-PP7 and GST all also showed no stimulatory effect on translation, indicating that this is a Rev-specific phenomenon (data not shown). Previous studies have implicated Rev in the control of RNA stability (Felber et al., 1989; Malim & Cullen, 1993; Schwartz et al., 1990 Schwartz et al., , 1992 and so the possibility that Rev was affecting the half-life of input RNA was investigated. Analysis of the amount of RNA in reactions incubated with inhibitory and stimulatory concentrations of Rev did not reveal any changes in the stability of RNA by RT-PCR ( Fig. 2e ). This was also confirmed by extraction and electrophoresis of 32 P-labelled input RNAs (Fig. 2f) . These results suggest that Rev inhibits translation nonspecifically at high concentrations but stimulates translation from the HIV-1 59 UTR specifically at lower concentrations. This stimulatory activity appears to be dependent on an intact loop A.
It has been suggested that the RRE is required for Revdependent stimulation of translation of HIV-1 RNAs in cells (D'Agostino et al., 1992; Perales et al., 2005) . We therefore analysed the effect of Rev on translation of RRE-containing RNAs. RRE fragments were amplified by PCR from the HIV-1 HXB2 provirus SVC21 and inserted into different positions within pJHIV-1 using different restriction enzyme sites relative to the reporter to account for positional insertion effects. Four constructs were made with the RRE either in the coding region (Fig. 3a) . The stimulation of translation of the loop A-containing constructs [HIV-1(M), (B) and (E)RRE] was not as pronounced as for the 59 UTR alone (Fig. 2c ). This is likely to be due to the RRE out-competing available Rev molecules. Translation of these RNAs was significantly inhibited at high concentrations of Rev. Although there was some variation in these assays, the presence of the RRE in the reporter RNAs did not confer any consistent additional stimulatory activity on translation in the presence of Rev despite what might have been expected if the Rev-RRE interaction was responsible for the large stimulation of translation reported in the literature (Fig. 3b; D 'Agostino et al., 1992; Perales et al., 2005) . We did not observe any synergistic effects on translation efficiency between the two Rev binding sites. The reduced effect of Rev on translation of RRE-containing RNAs is surprising, as these are the RNA targets for transport. It may be that Rev enhances the translation of spliced RNAs more significantly due to this phenomenon or that the RRE does not compete for Rev binding at the stage of infection which is important for Revdependent stimulation of translation. As a result of these observations, the work was extended into cells by using a luciferase assay reporter system. COS-1 cells were transfected with mRNAs encoding a firefly luciferase ORF under the control of either a short, unstructured 59 UTR or the HIV-1 59 UTR (Fig. 3c) . Cells in six-well plates were cotransfected with varying amounts of Rev mRNA and a green fluorescent protein (GFP)-expressing construct (pcDNAGFP, transfection IP: 54.70.40.11
On: Sun, 30 Dec 2018 14:56:32 control) using Lipofectamine 2000 (Invitrogen). Cells were harvested 24 h post-transfection and assayed for luciferase activity. While translation of the reporter was markedly reduced on cotransfection with increasing concentrations of Rev mRNA, this inhibition was relieved through the presence of the HIV-1 59 UTR. At lower Rev mRNA concentrations, a stimulation effect was seen; this showed the same trend as the in vitro data (Fig. 3d) . The significance of this difference was confirmed (P50.01; Mann-Whitney U test). To show that this effect correlated with Rev levels, Western blot experiments were carried out; these failed to detect expressed Rev, presumably due to the extremely low levels produced. The use of a different reporter system for this assay demonstrates that the influence of Rev on translation is not reporter-specific.
We have shown that high concentrations of Rev inhibit translation from RNAs non-specifically in vitro. Lower concentrations of Rev stimulate translation of HIV-1 RNAs. This stimulation of translation in our system is dependent on the presence of a specific loop within stemloop 1 of the HIV-1 packaging signal. The presence of the RRE on these RNAs does not further stimulate translation in the presence of Rev, suggesting that two Rev binding sites operate independently in vitro. At one concentration of Rev, there appeared to be a slight increase in translation of the RNA lacking both the RRE and loop A [HIV-1(BS)RRE]; however, the mean value in question has a large standard error, which led us to doubt that this was a significant increase (Fig. 2b) . We have also shown that expression from HIV-1 reporter RNAs in COS-1 cells is significantly increased compared with a non-HIV-1 control in the presence of Rev. The mechanism(s) by which these phenomena occur remains to be established. The inhibitory effect of Rev at high concentrations may reflect its nonspecific binding activity (Daly et al., 1989; Heaphy et al., 1990; Holland et al., 1990; Mann et al., 1994) . Therefore, at high concentrations, Rev molecules may coat RNAs and impede ribosomal scanning. Rev may stimulate translation in any of a number of ways, including via interactions with cellular proteins (Campbell et al., 1994) , translation machinery (Ruhl et al., 1993) or alteration of subcellular localization (Kimura et al., 1996) . Some of these data disagree with data published by Perales et al. (2005) . The authors used a vaccinia recombinant virus system and demonstrated that Rev is able to increase translation of env downstream of the 59 UTR in a cellular system. Using neomycin B, they showed that this is dependent on the Rev-RRE interaction. We did not find any involvement of the RRE in Rev-dependent stimulation of translation; however, neomycin B may also inhibit the interaction between Rev and loop A. Perales et al. (2005) also demonstrated a two-to threefold increase in luciferase activity with RRE-containing reporter RNAs compared with a luciferase only control. This effect was less extreme than observed with Env and these constructs did not contain the HIV-1 59 UTR. These authors observed a fivefold increase compared with our 1.3-fold increase. This may be due to the lack of a relevant factor in our system or an increased basal level. They did not observe any inhibition, which may be because their system did not reach the protein : RNA ratios used in our system. Although the data differ, both indicated that Rev acts on translation of viral RNAs over and above nuclear export.
The Rev-RRE interaction is a frequently pursued antiviral target (Chaloin et al., 2007; Jin & Cowan, 2006; Mills et al., 2006; Moehle et al., 2007; Ye & Li, 2006) and elucidation of this additional role of Rev may reveal new therapeutic avenues.
